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ABSTRACT  To  investigate the  mechanism  of  salt  secretion  in  the  avian  salt  gland,  we  used 
quantitative electron probe microanalysis to measure the intracellular elemental concentrations 
in  dry cryosections of  unspecialized  and  partially  specialized  secretory epithelial  cells  from 
fresh  water- and salt water-adapted  ducklings,  respectively. In conjunction  with this, human 
and duckling erythrocytes were also analyzed,  since these provided the experimental basis for 
using in situ erythrocytes as standards for determining the local water content of epithelia from 
the analysis of dried cryosections. 
The  microprobe  results from  both types of erythrocytes compared  favorably with chemical 
determinations  of  elemental  concentrations.  The  nucleated  avian  erythrocytes,  whose wet- 
weight elemental  concentrations were determined  by a compartmental  analysis that required 
neither a peripheral standard nor a measure of the local mass, revealed a marked  accumulation 
of P and K in the nucleus (388 and 190 mmol/kg wet wt, respectively) relative to the cytoplasm 
(67 and 85 mmol/kg  wet wt). In both developmental  states of the epithelial cells, the nucleus 
and apical  cytoplasm  had  essentially similar and  unremarkable  concentrations of Na (76 and 
83  mmol/kg  dry wt,  respectively, in  the adapted  cells  vs. 72 and 81  mmol/kg  dry wt in  the 
control cells)  and  K (602 and 423 mmol/kg dry wt vs. 451 and 442 mmol/kg  dry wt). Chloride, 
however, which was in general  rather high, was significantly depressed  in the apical cytoplasm 
of adapted cells only (164 and 124 mmot/kg dry wt in the nucleus and cytoplasm, respectively, 
of adapted cells  (P< 0.05) vs. 138 and 157 mmol/kg dry wt for control cells  (P< 0.05)). Cation 
concentrations (Na +  K) were elevated ~15% in the basal regions of adapted cells as compared 
with apical  cytoplasm. 
When tissue water variations are accounted for, the results suggest that:  (a) an active, energy- 
requiring process is responsible for chloride accumulation  in this cell;  (b) the apical  membrane 
is a regulatory site for secretion; and  (c)  there are regional  distinctions in the distribution of 
ions and water,  particularly  in  the salt  water-adapted  cell.  These conclusions  are consistent 
with active chloride transport as the basis for salt secretion  in this tissue. 
A  common  mechanism,  namely,  active  1 chloride  transport 
through  the agency of a  basolateral membrane-bound Na+/ 
C1- co-transport system (l), appears to account for net sodium 
chloride secretion in a  number of exocrine tissues (2-6). The 
avian salt gland (7)--an epithelium which undergoes a  dra- 
matic morphological, developmental, and functional response 
to chronic osmotic stress (8)--may well invoke a similar mech- 
anism to secrete a very hypertonic saline solution (9). In this 
case, as in the tissues cited above, this mode of transceUular 
ion  movement  might  be  reflected  in  the  concentrations  of 
"Active transport" is used here to mean movement  against an elec- 
trochemical gradient; no mechanistic implication is intended. 
intracellular electrolytes, particularly chloride. This appears to 
be the case in isolated dispersed duckling salt gland cells (10). 
However, the intact salt gland, because of its complex tubular 
anatomy at both the cell and tissue levels, is not particularly 
amenable to the chemical and electrophysiological  approaches 
that  so  far  have  been  used  on  chloride-transporting tissues. 
Therefore, we used quantitative, energy-dispersive  x-ray micro- 
analysis  2 to  determine the intracellular elemental concentra- 
tions of the major electrolytes in the principal cells of duckling 
2 The following  are synonyms  or acronyms  for this  mode of x-ray 
analysis: electron probe microartalysis (EPMA), electron microprobe 
analysis (EMA), and electron probe analysis (EPA). 
THE  JOURNAL OF  CELL BIOLOGY - VOLUME 96 MAY 1983 1389-1399 
© The Rockefeller University Press • 0021-9525/83/05/1389/11 $1.00  1389 salt gland in both control and salt water-adapted developmen- 
tal  states,  and  found  positive  evidence  for  active  chloride 
transport in this tissue. Specifically,  we fred that (a) the intra- 
cellular  concentration  of chloride  is  almost  certainly  above 
electrochemical equilibrium, indicating chloride accumulation 
against  an energy  barrier and  that  (b)  the  cytosolic chloride 
concentration is  reduced  in secreting  cells  relative  to control 
cells,  implicating  the  apical  membrane  as  the  locus  for the 
regulation of secretion. 
As a prerequisite to the biological portion of this report, it is 
necessary  to  present  certain  methodological  aspects  of this 
study that were crucial to its feasibility.  A  particular example 
of such considerations was the need to reconcile the analysis of 
freeze-dried  cryosections  (required  for the positive  definition 
of cellular compartments in this complex tissue) with the fact 
that a biologically relevant interpretation of electrolyte concen- 
trations  required  a  knowledge  of tissue  water  and  possible 
variations  in  this  parameter.  Therefore,  we  also  report  the 
technical details that are essential for understanding and eval- 
uating  our implementation  of quantitative,  biological  micro- 
analysis.  These results include  the verification  of this micro- 
probe methodology using one- and two-compartment erythro- 
cytes  as model biological  systems,  and the derivation  of two 
novel variations of existing approaches for estimating the orig- 
inal water content of freeze-dried tissue preparations. Prelimi- 
nary accounts of portions  of this study  have been presented 
(ll,  12). 
MATERIALS  AND  METHODS 
X-ray  analysis was carried out  on  the  following standard  and experimental 
samples: (a) crystals of reagem-grade binary salts (13); (b) 20% (wt/wt) solutions 
of deionized bovine serum albumin (Sigma Chemical Co.,  St.  Louis, MO) to 
which various amounts of electrolytes were added (14);  (c) packed pellets of 
human erythrocytes in plasma prepared from whole blood that was collected in 
heparinized  syringes from  normal  human  volunteers; (d)  similarly prepared 
packed pellets of duckling erythrocytes obtained from the whole blood of animals 
when  killed; and  (e)  the  salt glands  of  15-d-old  domestic ducklings, Arias 
platyrhyncos,  that had been maintained on an ad libitum supply of duck mash 
and  fresh  water  ("normal",  "unstressed"),  or  that  had  been  salt-adapted 
("stressed") by drinking 1% saline  only from day 9 until decapitation. Quantitative 
analysis was limited to the principal ceils of the salt glands and specifically to 
those cells  which were characterized as "unspecialized"  in the fresh water-adapted 
duck and "partially-specialized"  in the salt water-adapted bird (8). The morpho- 
logical  characterization of these developmental states, as well as the identification 
of these states in cryosectioned preparations, is discussed in Results. 
Speennens for electron microscopy and x-ray analysis (except binary salts, 
which were prepared  as described by Shuman et  aL  [13])  were prepared by 
quench-freezing followed by cryoultramicrotomy. In the case of protein solutions 
and erythrocyte suspensions, small drops on small copper pins or wooden dowels 
were quench-frozen essentiaUy as described by Somlyo et al. (15) by plunging 
into rapidly stirred, supercooled Freon 22 (Virginia Chemicals, Portsmouth, VA) 
at -160°C; temperature was measured by a miniature (0.005  in.) copper/con- 
stantan thermocouple (Omega Engineering, Stamford, CT). Solid tissues such as 
salt gland were frozen similarly, after cutting into small pieces (<2 mm in the 
shortest dimension). The entire procedure from killing  to freezing, and including 
excision and dissection, could be carried out in <15 s. 
Chemical determinations of Na and K  concentrations in protein solutions, 
plasma, and washed erythrocyte suspensions were obtained by flame photometry; 
dry mass fractions were determined gravimetrically.  Prior to analysis, we washed 
erythrocytes to remove adherent plasma and extracellular ions (16).  Specimens 
for  conventional electron  microscopy were  prepared  by immersion in  2.5% 
glutaraldehyde in  100  mM  cacodylate buffer,  pH  7.4,  for  2  h,  followed by 
postfL~ation  for 1 h in 1% osmium tetroxide in the same buffer. After fLxation, 
tissue  blocks  were  washed,  dehydrated  through  a  graded  series of  ethanol 
solutions, and embedded in Epon 812. Thin sections were cut and stained with 
a saturated solution of uranyl acetate, followed by alkaline lead citrate, before 
viewing in a JEOL  100-CX  electron microscope. Stereological techniques were 
used to estimate the volume fractions,  gv, of cell compartments in duckling 
erythroeytes (17). A square grid with l-era spacing was projected onto prints of 
electron  mierographs at  x  6,300  and  evaluated by the  "point-hit"  method. 
Statistical evaluation of concentration differences was based on the two-tailed 
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Student's t test for independent samples; P <  0.05 was the minimal criterion for 
significance. 
Cryoultrarnicrotorny:  We sectioned frozen biological samples using 
a Sorvall MT-2B microtome equipped with an FTS cryokit (Dupom Instruments, 
Inc., Ncwtown, CT) and modified to reduce the flow rate and turbulence of the 
cooling gas and to ameliorate the associated build-up of static charge. Sections 
were cut manually at very slow speeds using conventional glass knives (45 ° knife 
angle, 6 ° clearance angle) at temperatures of -105°C for epithelial tissue and 
-90°C for ceU suspensions and protein solutions. Temperature was monitored 
by the previously described copper/constantan thermocouple placed directly on 
the shoulder of the specimen. The sections were obtained from the natural face 
of the frozen blocks, that is, the blocks were not trimmed. Sections for tissue 
analysis were  ~130  nm thick after freeze-drying, while those for  instrument 
calibration and testing ranged from < 100 rim-1/an. Specimen thickness could be 
inferred from the rate of continuum x-ray production and scanning transmission 
electron microscopy (STEM) contrast because the contrast response oftbe ETEC 
Autoscan electron microscope (Perkin-Eimcr ETEC, Inc., Perkin-Elmer Corp., 
Hayward, CA) had been previously calibrated against interfcromctrically char- 
acterized standard films (18). With the aid of an eyelash brush, the sections were 
transferred from  the back of the dry knife onto carbon foil-coated 100-mesh 
copper grids. Thereafter, the grids were sandwiched with a second coated grid, 
tacked with a chilled brass rod, freeze-dried at <-80°C and <10  -s Torr (Denton 
DV-502 vacuum evaporator, Cherry Hill, N J), separated and coated with a thin 
overcoat of carbon, essentially as described in detail by Somlyo et al (15). 
Electron  Probe Microanalysis:  This section provides a  detailed 
description of the methodology used for x-ray microanalysis  because the methods 
used in this laboratory have not been described previously. This system and 
methodology are mainly evolved from the advances of others (13-15, 19). Energy- 
dispersive x-ray spectra were obtained using an ETEC Autoscan electron micro- 
scope equipped with a 30 ram  2 Kcvex Si(Li) detector and a Kevex 7000 series x- 
ray spectrometer (Kevcx Corp., Foster City, CA) interfaced to a PDP  l tV03-L 
computer (Digital Equipment Corp, Maynard, MA). The flange for mounting 
the detector in the specimen chamber,  as well as the STEM/x-ray  specimen 
holder, were designed and fabricated from aluminum in this laboratory. The 
specimen holder included an integral Faraday cup and was painted with DAG 
154 (Ted Pella, Inc., Tustin, CA). Certain later spectra were obtained on a newer 
instrument, a JEOL  100-CX.  In this case, the instrument was equipped with a 
Kevex EDS detector in a configuration specified by the manufacturer, including 
a thick aperture above the objective lens ("hard x-ray aperture') and a machined 
carbon grid holder.  Minor modification to this carbon insert and the bronze 
specimen  rod  permitted  spectra  to  be  acquired  at  a  35 °  tilt  angle  without 
significant absorption of soft x-rays. X-ray spectra were acquired at  10 eV/ 
channel from specimens at ambient temperature using an accelerating voltage of 
30  kV (ETEC)  or  80  kV (JEOL),  and a  beam current  of  1.0 nA  for  100 s 
(livetim¢). Analyses performed on the same standard sections in both microscopes 
gave identical quantitative results, indicating that there was no systematic error 
introduced by differences in the two instruments; this might have occurred, for 
example, due to differences in stray background or accelerating voltage. Analyses 
were generally performed in STEM mode using small scanning rasters of <0.2- 
1.0/mC; the size and shape of the raster was fully adjustable and depended on 
the structure being analyzed. Under analytical conditions, the CRT images were 
comparable in quality to the micrographs shown in Figs. 5, 7, and 9. In addition, 
the STEM photomultiplier output was displayed in y-modulation mode on an 
auxilary X-Y monitor during analysis. Thus, the area chosen for analysis could 
be recognized by the contrast "grain" and any drift or contamination that might 
have occurred during analysis would have been immediately apparent. 
Because the operating conditions for microanalysls were known to promote 
beam-induced specimen damage, we examined carefully the possibility  of errors 
arising from mass loss and contamination artifacts. Using an approach similar to 
that of DOrge et al. (14), freeze-dried cryosections of electrolyte-doped albumin 
solutions were irradiated with electron doses that ranged from 6 x  10  -3 -  I x  10:3 
nC//~m2; this six decade dose range was achieved by varying both the irradiating 
time and the size of the scanning raster at a constant beam current of I nA. The 
results are summarized in Fig. 1, where characteristic, continuum (2.89-3.19 keV) 
and total (0-10 keV) x-ray count rates are plotted as a  function of time (and, 
therefore,  also of dose).  Both  the  total and  continuum x-rays showed  clear 
evidence of mass loss, as these x-ray intensities stabilized at -75% of their initial 
rates after an applied dose of ~0.2 nC//am2;  this critical dose did not depend on 
the beam current density, which itself varied over four orders of magnitude. 
Among the characteristic x-rays only the sulfur K  line was radiation sensitive. 
The  characteristic x-ray  peaks  of other  elements of biological interest,  and 
specifically including chloride, neither increased nor decreased as a function of 
time and dosage, up to doses as high as 10 nC/~tm  2 and at beam current densities 
exceeding 10 nA/#m  2. Such doses did, however, produce contamination artifacts 
in some early experiments. In cases where the contamination artifact was < 10%. 
a correction to the continuum was applied as previously described (12).  Subse- 
quent improvements in the operating environment of the microscopes made such 
corrections unnecessary in later experiments. To determine whether the conse- I0 
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FIGURE  1  Dependence of x-ray count rates on electron dose. lnthe 
moderate dose regime,  mass loss was evident from  a decrease in 
count  rate for total  (0-10  keV)  and continuum  (2.89-3.19  keV)  x- 
rays (--), as well as for the sulfur K emission (- -  -). Potassium and 
chlorine K x-ray count rates ( .... ) were not sensitive to dose. These 
curves are composites of data from numerous sections of different 
quench-frozen solutions of electrolyte-doped 20% albumin. 
quences of specimen/beam interactions as observed on albumin samples could 
be generalized to other biological  materials, we examined sections of human and 
duckling  erythrocytes, duckling  salt gland, and rat and rabbit kidney parenchyma. 
The results regarding mass loss were essentially similar, although these could be 
interpreted only qualitatively since such specimens were compositionally heter- 
ogeneous at the level required for low dose measurements. 
The quantitation approach used in this study was the multiple least-squares 
(ML) method developed for EDS data by Schamber (20).  Our implementation 
of these calculations was essentially as described in detail by Shuman et al. (13), 
including the integration of characteristic peaks in experimental EDS spectra by 
convoluting the raw spectrum with a zero-weight digital filter to suppress back- 
ground, followed by multiple least-squares fitting of the derivative spectrum. The 
tissue-derived continuum was then reconstructed by stripping the characteristic 
peaks  and  extraneous  continuum  contributions  from  the  original spectrum. 
Corrections for grid-generated and other extraneous continuum components were 
scaled to the Cu L, peak. However, the continuum was estimated in the 2.89- 
3.19 keV energy window, since the recommended range, centered at 1.5 keV (13), 
was precluded in one of our instruments by an A1  K  interference. In addition, 
the continuum was corrected for the support film contribution by subtracting the 
weighted average of the carbon film continuum in the vicinity  of the section after 
determining that it was independent of the location within a grid square. In this 
case, the statistical variance was also recalculated. 
The  approaches  used  to  derive  elemental  concentration  and  tissue  mass 
fractions from characteristic and continuum x-ray intensities are based on the 
continuum  normalization  method  (21,  22),  which  states  that  the  elemental 
concentration per unit dry weight is proportional to the ratio of the characteristic 
x-ray intensity to  the tissue-derived continuum intensity. This relationship is 
given in simplified form in Eq. 1: 
cx ~  w, (L/B),  (l) 
where  G  is the  concentration of element x  in  mmols/kg dry  wt.,  1~  is the 
integrated intensity of characteristic x-rays for this element, B is the continuum 
intensity arising from the specimen only within an arbitrary but constant energy 
window,  and  W,  is the configuration-dependent constant of proportionality. 
Although W~ is composed of fundamental parameters, it can most conveniently 
be determined empirically. Also, the calculation of h  by ML fitting of digitally 
filtered spectra requires a  file of reference spectra which contain characteristic 
peak  energy  and  shape  information for  all elements that  may  occur  in  an 
experimental spectrum. Finally, the true tissue continuum, B, must be obtained 
by correcting the experimental continuum for extraneous contributions. Thus. 
calibration standards are required for all three terms on the right side of Eq.  1. 
Spectra for peak shape and position data were derived from either pure element 
standards or thick crystals of binary salts in which the component x-ray peaks 
were well separated, e.g., NaC1 (cf. illustrative list in reference 13; also note that 
this  approach  introduces  a  small error  in  peak  shape  due  to  the  effect  of 
absorption edges for Z <  14). Thin crystals (< 1/~m) of binary salts such as NaC1 
and KH2PO4  were also used to determine relatively the molar sensitivity coeffi- 
cients of the two elements in a crystal, i.e.,  the ratio of W~(cation)/W,(anion). 
This procedure worked well, and afforded spectra of very good statistical  quality, 
provided that certain precautions were observed. To eliminate absorption effects, 
the ratio of Wx(cation)/W~(anion) should be determined by plotting this ratio vs. 
total x-ray counts (proportional to thickness) and evaluating the ratio at count 
rates in the range expected for tissue sections (Fig. 2). However, since the count 
rates from thin sections of tissue are very small, it is sufficient in practice to plot 
l,(anion)/l.(cation)  (equal to W~[cation]/W~[anion]) vs. x-ray counts and extrap- 
olate to zero counts. This precaution was most important with the low Z elements 
Na and Mg. Additionally, certain binary combinations which exhibit substantial 
secondary fluorescence effects must be treated similarly; KC1 is the most obvious 
example (Fig. 2). A third type of standard, viz., freeze-dried cryosections of 20% 
albumin solutions containing known amounts of the dements Na, K, Cl, and/or 
P were also used (14). These specimens served to determine the absolute values 
of  W. when the continuum was generated by a  protein matrix similar to that 
expected from freeze-dried constituents of cytoplasm. Furthermore, data from 
these albumin sections: (a) provided a cross-check on the relative value of Wx as 
derived from binary crystals; (b) allowed the calculation of absolute W~ values 
for elements not actually measured in albumin matrices; and (e) permitted the 
usual demonstration that, at least for these four elements, plots of peak/back- 
ground ratio vs. known concentrations were linear (not shown). Fig. 3 illustrates 
the experimentally determined relationship between the coefficients Vex and the 
energy of the characteristic K, x-ray tines. 
The utility of Eq.  1 can be compromised by errors in the estimation of the 
continuum derived from the tissue only owing to mass loss effects.  Therefore, 
corrections for  this source of error were considered explicitly. With a  beam 
current density of 1 nA//an  2, full mass loss from protein matrices occurs in < 1 s; 
thus, the x-ray data from intracellular compartments must reflect full mass loss 
conditions. Since the quantitation coefficients Wx were derived from albumin 
matrices which were known to suffer 25% mass loss under similar  conditions, the 
Wx factors contain an implicit assumption of 25% mass loss. The quantitation 
scheme, therefore, will introduce a mass loss error only to the extent that this 
effect in cell compartments differs from 25%. Our present data, as well as many 
previous studies (e.g., references 14, 23), indicate that this should be a reasonably 
small error, since mass loss from cells and proteins consistently runs 15-25%. 
The  estimate of the tissue-derived continuum influences the  analysis in a 
second way, since it is only through the continuum that one obtains a measure of 
the local water content of the tissue. The interpretation of the analytical results 
requires a  knowledge of this parameter. In all experiments, primary data were 
obtained as concentrations per unit dry weight (mmol/kg dry wt), calculated 
from peak/continuum ratios as described (13).  In this case, relative changes in 
water content were evaluated by analysis of continuum intensities from paired 
areas of tissue (25); the absolute water content associated with these analysis was 
inferred from independent measurements. In some instances, it was possible to 
obtain dry mass fractions and concentrations per unit wet wt (mmols/kg wet wt) 
directly by using variations of the internal standard ratios method (14);  since 
these have not been detailed previously, they are fully described and compared 
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FIGURE  2  Effect  of crystal  thickness  on  Wx,  the  calibration  con- 
stants that  relate peak/continuum  ratios to  molar concentrations 
per unit dry weight. In this figure, the ratio of W(cation)/W(anion) 
for a  binary salt  is  plotted  against the  specimen-only continuum 
radiation,  B,  which  is  itself  proportional to crystal  thickness.  Left 
ordinate (O)--sodium chloride; the ratio rises rapidly with thickness 
due to increasing absorption of the soft Na K x-rays. Right ordinate 
(I)--potassium chloride; the ratio begins to rise above B =  100 cps 
due to an increase in the CI signal at the expense of the K K line. 
Since the continuum  count rate for tissue sections is typically <10 
cps,  W~  ratios can be approximately by extrapolating these curves 
to  zero;  in  this  case, WNa  has the  largest uncertainty  among the 
elements of biological interest. 
ANDREWS ET AL.  Intracellular  Ion Distribution in Avian Salt Gland  1391 standard method is still open to question because it requires assumptions regard- 
ing constancy of section thickness and beam current, regarding the mierohomo- 
geneity of peripheral standards, and regarding the absence of shrinkage artifacts 
during  drying [22, 24]0 
RESULTS 
Methodological Verification 
Since others have demonstrated that it is possible to prepare 
both  thin  (14)  and ultrathin  (15,  25)  freeze-dried  specimens 
that are suitably free from redistribution artifacts, we need only 
to demonstrate a  satisfactory upper limit for such artifacts in 
the finished preparations  of this study. Freeze-dried cryosec- 
tions of 20% albumin  solutions,  such as illustrated  in Fig. 4, 
demonstrated that the spaces due to ice damage averaged only 
0.2/an in diameter at a depth of 20 Van; this constitutes a worst- 
case estimate  for the spatial  dislocation of proteins  and ions 
within intracellular compartments. Additionally, these sections 
had maintained an ice crystal size vs. depth profde (including 
the superficial layer of"vitreous" ice) (Fig. 4 a) that is consistent 
only with the initial freezing step; this implies the absence of 
any significant redistribution artifact resulting from recrystal- 
lization or melting that might have been introduced in steps 
following freezing.  The size and pattern  of ice crystal infor- 
mation  within  intracellular  compartments  in  tissue  sections 
were similar to the albumin standards  (cf.  Figs.  5, 7, and 9). 
Further, these preparations gave no morphological indications 
of gross differential  shrinkage  between compartments of dif- 
ferent hydration which might impact quantitation by the inter- 
nal standard approach (24). 
Packed  pellets  of human  erythrocytes were  chosen as the 
first model tissue to examine by microanalysis, since these are 
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FIGURE  3  Change in Wx, the molar sensitivity constants, as a func- 
tion of the energy of K x-ray emission. The points for low-Z elements 
of  biological  interest  are  identified.  This  curve  is  plotted  as  the 
reciprocal  of  W~  because in  this form  the  height of  the curve  is 
directly  proportional  to  K x-ray intensity of  a given element  at  a 
constant concentration. As an example, the intensity of character- 
istic calcium  K x-rays is 5.2 times greater than those of sodium at 
the same molar concentration. 
simple, one-compartment cells with a well-known intracellular 
electrolyte  composition.  Excellent  agreement  was  found be- 
tween the results  from x-ray and chemical analysis,  as illus- 
trated  in Figs.  5  and 6,  and summarized  in Table  I.  Micro- 
analysis was also carried out on the blood plasma, specifically 
to demonstrate the large and expected reversal of Na and K 
concentrations when the  probe is  localized outside the  cells. 
This is evidence against the occurrence of sectioning artifacts 
such as "smearing" of a "melt zone." This conclusion is further 
supported by the observation that the quantitative results from 
sections of protein and erythrocyte standards at various thick- 
nesses (<0.1-1 van) were independent of thickness. 
Determination of Local Tissue Water from 
Dried  Sections 
An understanding  of the  cellular  distribution  of water  is 
crucial to interpreting the microprobe data. If microanalysis is 
to be carried out on dry sections, however, then the contribution 
of tissue water must be determined indirectly. One well-docu- 
mented approach, namely, obtaining concentrations per unit 
volume from peripheral standards (14),  already exists for this 
purpose. Here we demonstrate the feasibility of two extensions 
of this strategy using two-compartment, nucleated erythrocytes 
of the domestic duckling--cells which are also of interest as a 
model for studying coupled ion transport  (26,  27)--as a  test 
system. The results provide: (a) an illustration of compartmen- 
tal analysis as a  means of determining wet weight concentra- 
tions from microanalysis of dried sections without recourse to 
internal standards; and (b) a characterization of  the erythrocyte 
population in anticipation of its use as an internal standard for 
the analysis of  intact epithelia. The following treatment extends 
a  preliminary  description  of this  approach  (12),  in  that  the 
equations are generalized to multicompartmental tissues,  and 
more detail is provided in Table II and in the calculation of 
potassium concentrations. 
For a  multicompartmental tissue system in which all com- 
partment have been recognized and analyzed in thin sections 
of uniform thickness, the absolute elemental concentration per 
unit volume (closely approximating wet-weight concentration) 
is uniquely specified by three factors: (a) the ratios of  elemental 
concentrations between the various compartments; (b) the total 
concentration per volume of tissue; and (c) the volume-fraction 
of all compartments.  The elemental ratios can be determined 
from the  appropriate  ratios  of characteristic  x-rays,  and  the 
latter  two  parameters  can  be  measured  by  bulk  chemical 
analysis  and  morphometry,  respectively.  The necessary rela- 
tionships are given in Eqs. 2--4: 
Cx,r  ~--" ~,  gV,i  Cx,i,  (2) 
Ix,i/Cx,i  =  Ix,i+l/Cx,i+l  ......  I,,~/C  ....  (3) 
n 
X VV,i  =  l,  (4) 
FIGURE  4  Dependence of ice crystal 
size and size distribution on distance 
from  the sample surface.  (a)  Trans- 
mission  electron  micrograph  of  a 
freeze-dried cryosection of  quench- 
frozen 20%  albumin  solution.  Bar,  2 
#m.  x  5,400. (b)  Graphical represen- 
tation; the shaded area represents the 
range of void diameters measured at 
a given depth. Note the difference in 
scale between  a and  b. 
1392  THE JourNAL OE CELL BIOLOGY-VOLUME 9@  1983 FIGURE  5  Transmission  electron  image  of a  freeze-dried  cryosec- 
tion of a packed pellet of human erythrocytes in plasma. The surface 
of the quench-frozen drop is at the top. The cells are relatively well- 
preserved, but the plasma  matrix  is not; a gradation of intraceltular 
ice damage can  be seen. Bar, 2/Lm.  x  5,400. 
substituting, and solving for CK.=, 
Cx,2 =  100/(1 +  0.16 [2.29 -  1]),  (7) 
CK,2 -  83 +_ 2 mmol/kg wet wt. 
Subsequently, the nuclear K  concentration was obtained from 
Eq. 3. 
Cx.l  = (Ix,1/IK.2)CK,2 =  2.29  X 83,  (8) 
CK.1 =  190 +-- 5 mmols/kg wet-wt. 
A similar approach was used to derive the compartmental dry 
mass fractions (Table II, column 7) from the ratio of corrected 
continuum counts (Table II, column 2). However, we empha- 
size that an estimate of the continuum is not explicitly required 
and neither is a peripheral standard. 
Table  II  also  illustrates  two  independent  ways  to  derive 
dry-weight K concentrations. In the first case, the concentration 
OK,i (Table  II, column 4) was determined from peak/contin- 
uum ratios,  Ix.i/Bi  (Table  II, column  1/column 2),  using the 
Hall approach (Eq. 1). Alternatively, D'x.i (Table II, column 5) 
where C is the concentration in mmol/kg wet weight,  Vv is the 
volume-fraction,  I  is  the  number  of characteristic  x-rays,  x 
indicates a  specific element (or the continuum), i is the index 
for tissue compartments, and T refers to the total concentration 
without  regard  to compartmental  distribution.  The practical 
application of  these equations can be illustrated using the avian 
erythrocytes as two-compartment model systems, i.e., compart- 
ment 1 (i -- 1) is the nucleus and compartment 2 (i =  2) is the 
cytoplasm.  Figs.  7  and  8  show  representative  examples  of 
cryosectioned preparations and EDS spectra, respectively, from 
which the results were obtained and Table II provides the data 
necessary for a  specific calculation of intracellular potassium. 
The wet weight cytoplasmic potassium concentration given in 
column 6, Table II was calculated from the chemical analysis, 
the morphometric data, and the x-ray ratio IxffI~,2 (column 1, 
Table II) by inserting Eqs. 3 and 4 into Eq. 2, 
CX,T =  gv.1 (Ixa/IK.2)CK.z  + (1-Vva)CK,2,  (5) 
rearranging, 
CK,2 =  CX,T/(1 +  Vv,,(Ix, fflK,2-  1),  (6) 
FIGURE  6  Energy-dispersive  x-ray  spectra  from  a  representative 
paired analysis of a human erythrocyte (dark spectrum) and adjacent 
plasma (light spectrum);  100-s analysis time.  Extraneous copper and 
silicon  peaks  have  been  subtracted  by computer  and  a  five-point 
smooth  performed to enhance visual  presentation. 
TABLE I 
Elemental Concentrations in Freeze-dried Sections of Erythrocytes 
Dry weight 
Na  P  CI  K  fraction 
(mmol/kg wet weight)  (g/t00 g) 
Human  erythrocytes 
Electron  probe*  (n =  28)  12 +  2.0  20 4- 1.0  52 4- 1.8  84 4- 1.9  -- 
Chemical  analysis  125  --  49  86:1:  37 
Human  plasma 
Electron  probe*  (n =  9)  137:1= 12.1  0.4 ___ 2.0§  105 ±  9.4  11  +  3.6  -- 
Chemical  analysis  146~  --  105  5::{:  6 
Duckling  erythrocytes 
Nucleus  (n =  26)  5.5 4- 4.8§  388 ±  12.8  62 +  2.5  190 4- 5.0  43 +_ 1.9 
Cytoplasm  (n =  28)  2.0 =I= 4.4§  67 :I: 3.0  70 ±  2.7  85 4- 2.3  39 +_ 1.7 
Data are given as the mean +  SEM. The number of cells analyzed is indicated in parentheses. 
* The wet weight concentrations were obtained by dividing the dry weight values from microanalysis by the dry mass fraction determined gravimetrically. In the 
case of plasma ions,  relative concentrations were expressed as wet weight values by normalizing the characteristic x-ray intensities to the  known  plasma 
chloride concentration, 105 mmols/kg wet wt. None of the differences between chemical analysis and microanalysis are statistically significant (0,95 confidence 
level). 
Flame photometric determination paired with  microprobe analysis. 
§ Not significantly different from zero. 
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Compartmental Distribution of K in Normal Duckling Erythrocytes: Calculation  of Wet- and Dry-weight Concentrations 
Relative x-ray counts*  K concentrations 
IK,~  g~  IK,,/B~ ratio  DK.i dry wt.  Dk,i dry wt.  CK.~ wet wt.  Dry wt. 
Column  Number  1  2  3  4  5  6  7 
(mmol/kg)  (g/  lO0 g) 
Erythrocytes 
Microprobe Analysis 
Nucleus (i-'=1)  1,000+95  -  424+67  ~  2.36__.0.40  ~  453±76  =  442±53  <--  190+19  -  43±2.8 
.'--  q- 
Cytoplasm (i=2)  436±61  +  384±58  ~  1.14±0.16  ~  216±29  =  212±25  ~-  83±8.2  -  39±2.6 
I×.1/Ix.2 ratio  2.29 ± 0.39 
B1/B2 ratio  1.10 ± 0.24 
Whole cell  249  100  40 
Chemical analysis  252  100 __. g.0  40 __. 2.0 
Literature values:[:  231  92  40 
Data are expressed as the weighted average +_ SD of the paired analysis  of nucleus/cytoplasm for 13 erythrocytes. Symbols in the heading are defined in the 
text. Arrows and  arithmetic operators within  the  body of the  table  are intended  to clarify the  flow of the calculation.  The  morphometrically  determined 
volume-fraction (Vv) of the nucleus for this sample of erythrocytes was found to be 0.16 +  0.01 using electron micrographs of freeze-dried cryosections, and it 
was not significantly different if Epon  sections from conventionally-embedded erythrocyte pellets were used. 
* X-ray counts are normalized to IK.~ =  1,000 in order to allow the inclusion and statistical comparison of data from sections with differing count rates due to, for 
example, variations in section thickness or beam current. These normalized  values are given here to illustrate the various calculations of x-ray ratios, and  to 
provide an  indication  of the statistics  for the determination  of characteristic x-rays. Because  further calculations always utilize x-ray ratios,  however, such 
normalization is superfluous and is not usually carried out. The actual range of count rates for IK.I was 52-100 cps. 
~: See reference 26. 
FIGURE  7  Transmission electron micrograph of a freeze-dried cry- 
osection of a packed pellet of duckling erythrocytes. Since the cells 
on the right were closer to the sample surface and were frozen with 
minimal ice crystal formation, the contrast difference between cell 
compartments  is subtle and the nucleus is difficult  to distinguish. 
Conversely, the deeper cells  (left)  were not as well preserved and 
the difference  in  degree of  ice damage accentuates the cell com- 
partments. Both types of cells had identical electrolyte compositions 
as determined by x-ray microanalysis. Bar, 1 ~m.  x  10,800. 
was calculated as the wet weight concentration divided by the 
tissue dry mass fraction, i.e., column 6/column  7  (Table II). 
The  results in Table II, columns 4  and 5,  demonstrate good 
agreement between these two calculations of dry weight con- 
centrations, and this will only occur if there is no significant 
absolute error in the determination of the tissue-derived con- 
tinuum. 
The strategy of complete compartmental analysis was used 
to  determine  the  concentrations  of  the  principal  ions  in 
duckling erythrocytes (Table I). The results revealed a  decid- 
edly  asymmetrical distribution  of elements;  K  and  P  were 
highly localized in  the  nucleus,  while  chlorine  was  slightly 
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FIGURE  8  X-ray spectra of  a  duckling erythrocyte  illustrating  the 
differences between the nucleus (dark spectrum) and the cytoplasm 
(Eight  spectrum).  The  localization  of  P and  K  in  the  nucleus  is 
evident. Spectra have been stripped and smooth for presentation as 
described for Fig. 6. 
elevated in the cytoplasm and Fe was found exclusively in that 
compartment.  IntraceUular sodium  levels, chemically deter- 
mined as  CNa,T =  4.8  mmol/L packed cells, were below the 
minimum detectable concentration for sodium in this system. 
The occurrence of such extreme concentration differences be- 
tween nucleus and cytoplasm is an unusual finding by micro- 
analysis. However, with the exception that we found no iron in 
the  nucleus  of these  erythrocytes, these  results  are  in  good 
agreement with a  previous quantitative microprobe study in 
which  frozen-hydrated sections of developing chick embryo 
erythrocytes were analyzed (28). Thus, these findings may be 
a  general feature of nucleated erythrocytes and may reflect a 
distinctive nuclear organization of these cells. Duckling  Salt  Gland 
The morphology of freeze-dried cryosections of salt  gland 
epithelial ceils is illustrated in Fig. 9 in comparison to conven- 
tional plastic  sections.  The cryosections compared  favorably 
with respect to the preservation and recognition of character- 
istic morphology of  this tissue,  e.g., the complex interdigitations 
of lateral cell processes, the distribution of the abundant mi- 
tochondria  and  the  cell-cell  relationships  which  define  the 
tubule  lumen  and  overall  tubule  organization.  It  was  also 
possible  to  identify  with  some  certainty  the  developmental 
stages of various tubules based on established  morphological 
criteria (cf. references 8 and 29 for a discussion of these criteria 
and references 8, 29, 30, 31 for examples of the various devel- 
opmental stages as seen by electron microscopy). The principal 
cells of these tubules were analyzed in two distinct states: (a) 
unspecialized  cells  from fresh  water-adapted  animals,  which 
were characterized by fiat basal membranes and only moderate 
lateral interdigitations  (Fig. 9 a  and b);  and (b) partially spe- 
cialized ceils from salt-adapted  ducklings,  which were recog- 
nized by the moderate convolution of the basal membrane and 
more extensive  lateral  infoldings (Fig.  9 c  and d).  The latter 
state was chosen because, despite the small size and elaborate 
morphology of the  ceils,  moderately  sized  analytical  probes 
(<0.2 gm  2) could be accurately placed on identifiable  subcel- 
lular areas. The analysis of the very complex, fully specialized 
cells  would  have  entailed  considerable  uncertainty  in  probe 
localization. Measurements were obtained from three  subcel- 
FIGURE  9  Transmission  electron  micrographs of  principal  cells of duckling  salt gland  tubules,  a and  b  illustrate the similarity 
between an unfixed, unstained freeze-dried cryosection  (a) and a conventional thin  section of an  Epon-embedded preparation 
(b). Both micrographs demonstrate morphologically unspecialized principal cells from fresh water-adapted ducklings, as evidenced 
by the relatively simple cuboidal cell shape and the flat basal membrane with only moderate lateral interdigitations and a normal 
complement  of  mitochondria,  c  and  d  illustrate the same comparison  for  partially specialized  secretory cells  from  salt water- 
adapted ducklings. These cells have a more complex shape, with significant amplification of the basa] membrane, more extensive 
lateral infoldings, and abundant mitochondria. The arrows on  a and  c indicate typical areas for microanalysis of Region A, "'apical 
cytoplasm," while the arrowheads identify Region B, "basal cytoplasm." Bars, 1 #m.  (a) x  8,200;  (b and  c)  x  8,000;  (d)  x  7,800. 
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Distribution of Elemental Dry Weight Concentrations  in Duckling Salt Gland 
Na  P  C[  K  Continuum 
(mmol/kg dry wt)  (counts) 
Salt gland epithelial  cells 
Salt water adapted 
Region A, cell apex (n =  12) 
Region N, nucleus  (n =  19) 
Region B, cell  base (n =  17) 
Fresh water adapted 
Region A, cell apex (n =  9) 
Region N, nucleus  (n =  17) 
Region B, cell  base (n =  8) 
83 ±  18"  572 ±  22  124 ±  11~:  423 ±  14":[:  1,021  ±  27*:[: 
76 ±  23  668 ±  37  164 ±  13~:  602 ±  22  798 +  24* 
125 ±  11"  596 ±  20  155 ±  8  469 +  12":1:  1,134:1: 23":1: 
81  ±  11  525 ±  24  157 ±  73]:  442 ±  22  1,133 ±  57 
72 ±  17  629 _  30  138 +  4:1:  451 _+ 9  1,123 ±  28 
140 +  19  519 ±  5  183 ±  10  459 ±  31  1,079 ±  24 
Data are given as the mean =t: SEM. The number of cells analyzed is indicated in parentheses.  The definition of subcellular regions is discussed  in the text and 
illustrated in Fig. 9. Symbols are defined in the text. 
* Significantly different,  P <  0.01: (/S~a +  /:~)~e~  -  (DNa +  /gK)nase in salt-adapted cells;  B~p~ -  B~c and  Bba~ --  8nu~ in adapted cells. 
Significantly different, P< 0.05: ( Dcl)a~ -- ( Dcl).u~ in both salt-adapted and nonadapted cells; ( DK)a,e~  -- (/~,)ba~ in adapted cells; Baoe~  -  Bbase  in adapted cells. 
TABLE  IV 
Distribution of Elemental  Wet Weight Concentrations  in Duckling Salt Gland 
Na  P  CI  K  Continuum 
(mmol/kg  wet weight)  (g/lO0 g) 
Salt gland epithelial cells 
Salt water adapted* 
Region A, cell apex (n =  12) 
Region N, nucleus  (n =  19) 
Region B, cell  base (n =  17) 
Fresh water adapted:l: 
Region A, cell apex (n =  9) 
Region N, nucleus  (n =  17) 
Region B, cell base ( n  =  8) 
23 ±  5.2  153 ±  5.8  33 ±  2.9  110 ±  3.8  24.6 ±  0.8 
12 ±  3.7  120 ±  7.2  33 ±  2.5  116 ±  4.2  19.2 ±  0.9 
34 +_ 3.1  160 ±  5.5  43 ±  2.2  128 ±  3.4  27.3 ±  0.9 
20 +_ 2.7  131  ±  8.0  39 ±  2.3  111 ±  7.1  25§ 
18 ±  4.1  158 ±  8.1  34 ±  1.2  113 ±  3.2  25§ 
35 ±  4.8  130 +  3.3  46 _+ 2.7  115:1:8.4  25§ 
Data are given as the mean =1= SEM. The number of cells analyzed is indicated  in parentheses.  The definition of subcellular regions is discussed  in the text and 
illustrated in Fig. 9. Symbols are defined in the text. 
* These concentrations are independent primary data, obtained using in situ erythrocytes as internal standards.  The relevant values for the standard erythrocytes 
were:  IK,nu~  =  3,693 counts,  CK.nuc =  171  mmols/kg wet wt;  IK.oyt  =  1,789 counts,  CK.cyt  =  83 mmols/kg wet wt;  Bnuc =  1,533 counts, dry mass =  36.9 g/100 g; and 
Bc~ =  1,440 counts, dry mass =  34.7 g/100 g. 
:[: Derivative results,  obtained  by  multiplying  the dry weight concentrations  from Table III  by an  assumed  dry  mass fraction of 25 g/100  g;  the SEM's were 
propagated  using the experimental variances of the continua. This data is presented solely for the convenience of comparing fresh and salt water adapted 
ducklings in similar units. 
§ Value assumed for consistency with literature (32) 
lular regions: region A (Fig. 9, arrows), the apical region where 
the probe could be unequivocally located on the cytoplasm  s of 
a  single  cell;  Region N, the nucleus;  and  Region B  (Fig.  9, 
arrowheads), the basal region which was anticipated to reflect 
primarily cytosol, but very likely includes contributions from 
mitochondria, intercellular spaces, and neighboring cells.  The 
results of this analysis are given in Table III in mmol/kg dry 
wt.  However,  as  previously discussed,  it  is  also  desirable  to 
express the elemental concentrations in units which take  ac- 
count of the local tissue water. To achieve this in the case of 
the salt-stressed gland, we adopted a variation of the internal 
standard proportionation method.  Since the stressed gland is 
highly vascularized,  a  given section of this  tissue  frequently 
contained several well-preserved erythrocytes within the inter- 
tubular microvessels. These cells,  whose elemental concentra- 
tions and water content were well known from prior chemical 
and electron probe analysis of the blood of the same duckling, 
could therefore  be  analyzed in  situ  in conjunction with  the 
epithelial ceils, and subsequently be employed as physiological 
internal standards. The wet weight concentrations for stressed 
In this context, "cytoplasm" does not exclude the presence of small 
membrane-bound organelles, e.g., endoplasmic reticulum, which would 
not be recognized because of the level of ice damage in these prepa- 
rations. 
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salt  gland  principal  cells  given in Table  IV were calculated 
using this approach. Unfortunately, this method was not ap- 
plicable to the control glands, since this tissue is poorly perfused 
and suitable ¢rythrocytes were encountered only rarely. There- 
fore, dry-weight concentrations were converted to wet-weight 
results  (Table  IV)in this  case by assuming a  cellular water 
content of 75  g/100 g.  This value was chosen because it  is 
generally  consistent  with  the  water  content  of transporting 
epithelial  cells,  and  especially  that  of fresh  water-adapted 
seagull salt gland (32). The assumption of uniform mass distri- 
bution follows from a statistical analysis of the x-ray continua 
(Table III) that implied no significant mass differences between 
subcellular regions. We emphasize that this calculation is solely 
for the  convenience  of comparing  normal  and  salt-adapted 
epithelia  in alternative  and  physiologically interesting  units; 
the absolute value of the dry mass does not materially affect 
any of the conclusions drawn from these data, since all statis- 
tical comparisons are based on dry weight concentrations. 
The  results  in  Tables  III  and  IV  include  three  general 
observations that are in good agreement with other quantitative 
microprobe studies of epithelia (e.g., references 24 and 33). In 
contrast to the nucleated erythrocytes, a comparison of Region 
A  with  Region N  in epithelial  cells,  taking account of local 
water variations, did not indicate a significant compartmental- 
ization  of cations  between  the  nucleus  and  the  cytoplasm. Furthermore,  the  intracellular  concentrations  of Na  and  K 
were well within the range expected for a prototypical epithelial 
cell.  These  concentrations  did,  however,  differ  significantly 
from chemical measurements of intracellular concentrations on 
a variety of intact avian salt glands (32, 34, 35), the microprobe 
data indicating lower cell Na and higher K. This has been a 
recurring observation when comparing x-ray microanalysis and 
bulk chemical analysis; Rick and co-workers (33, 36, 37) have 
argued that the discrepancy reflects the difficulties in extracel- 
lular space estimation that are inherent in the bulk analysis. In 
support  of this  view,  we  note  that  the  present  microprobe 
results  are in very good agreement with the recent chemical 
determination (10) of intracellular electrolytes in dispersed salt 
gland cells. 
With regard to results that bear on the secretory function of 
this  tissue,  three  observations  appear  pertinent.  Firstly,  the 
chloride concentration is relatively high, i.e.,  >120 mmol/kg 
dry wt (>30 mmol/kg wet wt), in all cellular compartments. 
Secondly, the apical cytosolic chloride concentration does not 
appear to be higher than the corresponding nuclear concentra- 
tion  on either  a  dry weight or wet weight basis  in the  salt- 
adapted ceils (124 vs.  164 mmol/kg dry wt, respectively, P  < 
0.05;  33  vs.  33  mmol/kg wet wt,  difference  not significant). 
This is in contrast to the control salt gland cells  (157  vs.  138 
mmol/kg dry wt, respectively, P  <  0.05),  and to a variety of 
other  cell  types  (e.g.,  24,  25,  33),  in  which  the  cytoplasmic 
chloride  concentration is  invariably higher than  the  nuclear 
chloride.  Lastly,  Region  B,  the  region  dominated  by  basal 
cytoplasm, appears  to have elevated  Na and/or  K  levels,  at 
least  in  the  stressed  state  (~30  and  130  mmol/kg  wet  wt, 
respectively;  P  <  0.01  for a  comparison of apical  [Na  +  K] 
with basal [Na +  K] and P <  0.05 for apical K  vs. basal K  in 
stressed cells). 
DISCUSSION 
We have described a quantitative energy-dispersive x-ray mi- 
croanalysis system, and have offered evidence using model and 
experimental biological systems that this instrument is capable 
of providing accurate  and  reliable  data  on intracellular  ion 
concentrations.  Further,  the results show that  this technique 
can be applied to a morphologically complex cell type and that 
results which recognize the role of cell water can be derived 
from data on dry sections.  Since these findings confirm that 
microanalysis is suitable for such tissues,  we have applied this 
technique to a  study of electrolyte secretion in the avian salt 
gland. 
It is  now appreciated  that  in  a  variety of tissues,  sodium 
chloride secretion occurs by active, transcellular  transport  of 
chloride (1).  The generally accepted mechanism uses the in- 
wardly directed sodium gradient to drive the accumulation of 
chloride  through  a  neutral,  Na-coupled  cotransport  carder 
located in the basolateral membrane; subsequently, chloride is 
passively translocated across the apical membrane by electrical 
forces. Ultimately,  the energy for transport  derives  from the 
maintenance of the sodium gradient by the basolateral Na  ÷- 
K+-ATPase. It has been recognized that this process is char- 
acterized  by  the  coupling  of secretion  to  Na+-K+-ATPase 
activity, by the Na- and Cl-dependence of the uptake step, and 
by the sensitivity of this step to diuretic agents such as furose- 
mide. Recent evidence has suggested that in some tissues the 
operation of this mechanism is reflected at the subcellular level 
by  the  accumulation  of intracellular  chloride  in  excess  of 
electrochemical equilibrium (2, 38, 39) and by a secretagogue- 
induced  change  in  apical  membrane  chloride  permeability 
(39--43). With respect to the avian salt gland, the dependence 
of secretion on Na+-K+-ATPase activity was implied some time 
ago by studies of osmotic stress in intact animals (44); in view 
of the basolateral localization of the sodium pump, it was later 
proposed that this tissue might also employ an active chloride 
transport mechanism (9). Recent studies on isolated, dispersed 
cells  (10)  offer additional  evidence to support this  proposal. 
The  present  study,  using  an entirely independent  approach, 
provides results  in good agreement with those from isolated 
cells,  and suggests, albeit indirectly,  that two proposed char- 
acteristics  of active chloride  secretion,  viz.,  energy-requiring 
chloride accumulation and reduced apical membrane chloride 
permeability in secreting cells, occur in intact salt gland. 
These conclusions arise from the following considerations. 
The x-ray microanalysis results indicate that the cytoplasmic 
chloride concentration, as estimated  using the data from the 
apical cell compartment,  is  157 mmol/kg dry wt in the un- 
stressed  gland.  This  value  for intracellular  chloride  implies 
active accumulation,  since it is  almost certainly greater than 
the  concentration  required  for  electrochemical  equilibrium. 
This conclusion is justified even though we do not have certain 
information which is necessary to properly calculate the driving 
forces. Using reasonable and/or conservative assumptions re- 
garding these unknown parameters (namely, that the dry mass 
of the  cell  is  25  g/100  g,  that  the  basolateral  membrane 
potential  is  -50  mV,  that  the chloride  concentration in the 
lamina propria is  150 mM, that activity coefficients are equal 
in all compartments, and that electrolytes are totally dissolved 
in  tissue  water),  it  can  be  estimated  that  the  equilibrium 
intracellular  chloride concentration is <65  mmol/kg dry wt. 
This is 40% of the actual concentration. The difference is large 
enough that no plausible values for the estimated parameters 
would alter the interpertation.  The second result that bears on 
the  idea  of active  chloride  transport  is  the  relatively  low 
cytosolic chloride concentration in the salt-adapted ceils. Sim- 
ilarly low values have been obtained in other chloride-secreting 
tissues,  either by chemical or activity measurements, and been 
explained by postulating that the chloride permeability of the 
apical membrane is higher in the secreting cells (42).  Such an 
explanation would be fully consistent with the present results, 
but this point requires further clarification. Although it is now 
generally agreed that a change in membrane chloride perme- 
ability accompanies secretory stimulation,  a  change in intra- 
cellular chloride concentration does not necessarily follow from 
this,  and  such  a  change is  not always seen.  For example,  a 
recent  microanalysis  study  reported  no  change  in  chloride 
concentration in frog cornea cells upon stimulation with iso- 
proterenol,  although intracellular  Na increased  -20%  under 
these conditions (45). 
Our results offer no insight into the involvement of Na in 
the  salt  gland  transport  process,  because  (a)no  significant 
differences  or  changes  were  found  in  intracellular  sodium 
concentrations in apical and nuclear compartments (although 
this is still consistent with a sodium requirement for chloride 
uptake),  (b)the precision of sodium quantitation in these ex- 
periments  was  relatively  low  owing  primarily  to  tubule-to- 
tubule  variations,  and  (c) positive  changes  in  tissue  sodium 
which were observed in the basal region of these cells (Region 
B) are difficult to interpret for reasons discussed below. Re- 
garding the differences  between  this  and  other studies,  it  is 
noted that the salt gland could be mechanistically distinct from 
other  tissue  models  for chloride  secretion,  since  in  the  salt 
gland  the  acute  secretory response  is  elicited  by cholinergic 
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a  cAMP-mediated  process. Furthermore, this study has com- 
pared  the  functionally  competent  cell  with  its  nonadapted, 
nonfunctional  counterpart;  that  is,  there  is  a  developmental 
difference between the experimental and control states. Most 
other studies have used competent but nonstimulated cells as 
the control condition. 
Another area of interest concerns the elemental concentra- 
tions found for the basal "cytoplasm" (Region B); most notably 
in the salt-adapted state, these are different from concentrations 
in  the  apical  cytoplasm,  and  therefore  imply  compositional 
differences  between regions of a  cell not separated by mem- 
brane barriers. Moreover, certain trivial explanations  are not 
wholly satisfactory. Thus,  these data do not appear to be the 
result  of  a  technical  artifact,  such  as  redistribution  due  to 
freezing damage or melting during cryoultramicrotomy; none 
of  these  occurrences  is  consistent  with  the  maintenance  of 
typically intracellular K,  P,  and dry mass levels in the basal 
region. A  similar viewpoint can be used to assess extracellular 
contributions to the data; these were probably unavoidable in 
view  of the  complexity  of the  membrane  infoldings  in  this 
region and the modest resolution of these analyses. In the case 
of the  nonadapted  cells,  a  contribution  of ~10%  of typical 
extracellular  fluid  (160  mM  Na,  125  mM  C1,  6  g/100  g  dry 
mass)  would  account  for  the  elevated  levels  of Na  and  C1 
(relative to the apical cytoplasm), and  anticipated  reductions 
in P, K, and dry mass would be small and within experimental 
error. For the stressed cells, however, a  10% extracellular space 
contribution,  while  it would  adequately  explain  elevated  Na 
and C1 concentrations,  would only accentuate already signif- 
icant differences between apical and basal potassium concen- 
trations and dry mass. Thus, we conclude that cation concen- 
trations (either K  or Na +  K) and dry mass fractions may be 
elevated  in  the  basal  region  of salt-adapted  cells.  A  similar 
possibility has been raised with respect to the basal regions of 
rat renal tubules (33).  It is, of course, possible that the inter- 
cellular spaces  do not have  a  composition similar to plasma. 
For example, this fluid could be low in C1 (24) or high in K 
(19, 47). While such considerations might change the identity 
and intra-/extracellular distribution of excess ions, they would 
not  alter  the  conclusion  that  this  excess  exists.  Since  it  is 
unlikely that these concentration differences between apex and 
base reflect a  chemical potential difference  of corresponding 
magnitude,  it  appears  that  some fraction  of the  ions  in  the 
basal region of this cell must contribute less, or not at all, to 
solute chemical activity. We speculate that this could occur as 
a consequence of differential binding or compartmentalization 
of solutes in the basal regions of this cell or due to a regional 
change in the activity coefficient following from differences in 
the  amount,  identity,  and/or  distribution  of the  major  cell 
proteins. 
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